1] Water budgets from European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA)-Interim and National Centers for Environmental Prediction (NCEP) Reanalysis I and II are intercompared and compared to GPS precipitable water and to the 6 year hybrid budget data set described in part 1 of this study. Deficiencies are evidenced in the reanalyses which are most pronounced over the Sahel. Results from operational models (ECMWF Integrated Forecast System, NCEP Global Forecast System, and ARPEGE-Tropiques) and the special ECMWF African Monsoon Multidisciplinary Analyses reanalysis confirm and help understanding these findings. A bias (∼1-2 mm d −1 ) in precipitation and evapotranspiration leads to an unrealistic view of West Africa as a moisture source during the summer. North of the rainband (13°N-16°N) , moisture flux convergence (MFC) shows a minimum in the NCEP models and divergence in the ECMWF models not consistent with the hybrid data set. This feature, added to presence of a deep layer of northerly dry air advected at midlevels (800-400 hPa), is thought to block the development of deep convection in the models and the northward propagation of the monsoonal rainband. The northerly flow is part of a shallow meridional circulation that is driven by the Saharan heat low. This circulation appears too strong in some of the models, a possible consequence of the too-approximate representation of physical processes and land surface properties over the Sahel. In most of the models, evapotranspiration shows poor connection with precipitation. This is linked with large analysis increments in precipitable water, soil moisture, and MFC. Despite the large biases affecting the water budget components in the models, temporal variations (seasonal and interannual) might nevertheless be recovered with reasonable accuracy.
Introduction
[2] Numerical weather prediction (NWP) models are often used for computing the atmospheric part of the water budget at global and regional scales [Higgins et al., 1996; Trenberth and Guillemot, 1998; Roads et al., 2002] but few studies consider specifically West Africa. Several past studies have pointed to significant deficiencies in the hydrological cycle represented in NWP model analyses and reanalyses [Kanamitsu and Saha, 1996; Trenberth and Guillemot, 1995, 1998; Andersson et al., 2005; Drusch and Viterbo, 2007] . The deficiencies in NWP products can be due to a combination of deficiencies in physical parameterizations, in the assimilation schemes, and lack of or biases in observations. Radiosonde observations are a fundamental component of the upper air observing system since they are used as a reference to adjust biases in all the other observing systems [Simmons et al., 2006] . Unfortunately, the Tropics are generally poorly covered with observational networks. Especially, the density of radiosonde stations in Africa is very sparse [Parker et al., 2008] . Moreover, biases in these observations have been diagnosed and their impact on NWP products has been evidenced Agustí-Panareda et al., 2009] , It is thus not surprising that poor consensus emerged from the past water cycle studies over West Africa which used either NWP products or directly radiosonde data [Lamb, 1983; Cadet and Nnoli, 1987; Brubaker et al., 1993; Fontaine et al., 2003; Bielli and Roca, 2009] .
[3] During the African Monsoon Multidisciplinary Analyses (AMMA) Special Observing Period (SOP) in summer 2006, many extra (conventional and research) observations were collected over West Africa [Lebel et al., 2009] . A large number of this data was assimilated with operational NWP systems. There is thus a significant interest in evaluating NWP products during this special period in comparison to the past. Another interest and motivation for this work is the evaluation of the new ECMWF reanalysis, ERA-Interim [Simmons et al., 2006] , and the special ECMWF AMMA reanalysis (A. Agustí-Panareda et al., The ECMWF reanalysis for the AMMA observational campaign, submitted to Quarterly Journal of the Royal Meteorological Society, 2009, hereafter referred to as Agustí-Panareda et al., submitted manuscript, 2009 ). The former is investigated here over period [2002] [2003] [2004] [2005] [2006] [2007] , and compared to the NCEP reanalyses and to the hybrid data set [Meynadier et al., 2010] . The latter covers only the period from 1 May to 30 September 2006. It will be compared over that period to operational NWP products (ECMWF Integrated Forecast System (IFS), NCEP Global Forecast System (GFS), and ARPEGE-Tropiques). Compared to past ECMWF and NCEP reanalyses, ERA-Interim and the AMMA reanalysis are produced with a 4D-Var assimilation system and more recent physics (see Table 1 ). In the AMMA reanalysis, the radiosonde data are corrected for dry humidity biases before they are assimilated . A simplified version of this correction scheme is also used operationally at ECMWF.
[4] The present paper is the second part of a study focused on the regional-scale water cycle of the West African Monsoon in the framework of AMMA. In part 1, we investigated the annual mean water budgets, the seasonal cycle and interannual variability. This analysis was carried out with a hybrid data set of water budget terms based on an ensemble of nine Land Surface Model simulations forced with elaborate precipitation and radiation products derived from satellite observations over the period 2002-2007. Vertically integrated atmospheric moisture flux convergence was estimated as a residual from the water budget equation at the surface. This approach provided accurate and consistent water budget terms, such as surface evapotranspiration, rainfall, and atmospheric moisture flux divergence (MFD). It revealed several limiting and controlling factors, and suggested a strong sensitivity of the regional water cycle to atmospheric dynamics and surface radiation.
[5] The main motivation of the present study is to assess the capacity of NWP model reanalyses to simulate the functioning of the water cycle of West Africa in a way consistent with the hybrid data set. The NWP products provide also a description of the three-dimensional distribution of atmospheric circulation and moisture fluxes, and potentially of vertically resolved water budget terms [Trenberth and Smith, 2009] . Moreover, the reanalyses allow for investigating multidecadal time periods of pertinence when investigating interannual variability.
[6] The organization of the paper is the following. Section 2 describes the data, methods and error sources in the computation of MFD from gridded model data. The evaluation of the errors is detailed in the Appendix A. Section 3 focuses on the assessment of the water budget provided by NWP reanalyses over the 6 year period covered by the hybrid data set. Section 4 investigates in more details the uncertainties and deficiencies evidenced in the reanalyses with the help the AMMA reanalysis and operational models. Namely, important features of regional-scale atmospheric circulation are highlighted. Section 5 discusses the results and provides conclusions.
Data, Methods, and Error Sources
[7] The vertically integrated atmospheric water budget equation can be expressed as @ @t
where E is the evapotranspiration from the surface, P is the precipitation at the surface, q is the specific humidity in the atmosphere at pressure level p, and V is the horizontal wind velocity vector at pressure level p. The vertical integrals are assumed to extend over the whole atmosphere, i.e., from the surface, at pressure, p s , to some upper pressure level, p t , where specific humidity is assumed to vanish. The first term on the left-hand side represents the precipitable water vapor (PWV) tendency, denoted dPW in the following, and the second term represents the moisture flux divergence, referred to as MFD. Hence, equation (1) can be rewritten as follows: NWP systems provide estimates for all terms intervening in equation (1) or (2). E and P are simulated (forecast) variables. They are usually cumulated during the simulation and correspond to time-integrated quantities; dPW is computed from the archived PWV contents. MFD is computed offline from q and V (equation (1)), available either on model levels or pressure levels, or both. The model fields used for the computation of MFD and dPW are instantaneous quantities available at a time interval of 6 hours. These are then combined to form daily mean quantities:
When analyzing water budgets produced with NWP assimilation systems (reanalyses as well as operational forecasts and analyses), one has to be careful about a number of limitations. First, there are discontinuities in the time evolution of the various fields which are introduced by the assimilation of observations. This is a necessary step to avoid the model forecasts to drift toward the model's climatology which is usually different from the real world because of limitations in physical parameterizations and other approximations and assumptions in the model. Over West Africa, the most prominent problems in global circulation models are north-south displacements in the mean atmospheric circulation patterns , the rainbelt [Hourdin et al., 2010] and the associated moist air mass [Nuret et al., 2008; Bock et al., 2008] and surface fluxes [Boone et al., 2009b] . For the assimilation step, a short-term forecast is used as first guess. However, models drift and observations contain errors. Hence the assimilation system has to deal with inconsistencies between the first guess and the observations. This leads to large increments and unrealistically active adjustments in the subsequent forecasts commonly referred to as spin-up or spin-down effects [Betts et al., 1999; Andersson et al., 2005] . The quality of a particular model variable depends thus on how much it relies on physical parameterizations and on assimilated observations. Variables such as E and P are least accurate because they depend heavily on physical parameterizations. Humidity and wind fields are more accurate because they are constrained by the assimilation of observations (mostly radiosondes). However, biases in the observations directly impact the analyzed fields and enhance spin-up-spin-down effects. Specifically for West Africa, Bock et al. [2007] and Bock and Nuret [2009] used independent GPS data and diagnosed dry and wet biases in radiosonde data and in NWP model analyses and reanalyses having assimilated those observations.
[8] Second, the closure of the water budget equation and the balance between terms will be different when considering either purely forecast fields or when mixing forecast (FC) and analysis (AN) fields. The FC budget is in principle closed, i.e., dPW FC + MFD FC = E FC -P FC , whereas a mix of AN and FC budget terms is not, dPW AN + MFD AN ≠ E FC -P FC , because of the analysis increments. Some authors have included the analysis increments in one of the budget term (e.g., dPW) to deal with a closed budget [e.g., Higgins et al., 1996] . In the present study we did not introduce such a correction, but rather quantify the imbalance as it reveals inconsistencies between the model and observations. Since any particular NWP model uses a particular set of physical parameterizations, numerical schemes, and assimilation procedures, an intercomparison of several NWP model products is useful to assess the uncertainties and limitations associated with these features. Two distinct closure errors will be of interest: (1) the residual of the combination of AN and FC terms from the NWP systems,
and (2) the residual of the combination of the AN terms with the hybrid data:
Third, the computation of MFD such as defined by equations (1) and (3) is known to suffer from a number of computational errors, independently of the accuracy of the wind and humidity fields [Trenberth, 1991] . These imply the vertical resolution, the treatment of variables near the surface, and time sampling. In the case of pressure-level data (obtained through postprocessing of model-level variables), the vertical integral of mass is usually not conserved.
Coarse horizontal and vertical resolutions may enhance errors in the computation of horizontal divergence from finite differences near the surface, especially in regions of steep orography and/or marked by low-level jets [Trenberth and Guillemot, 1995; Higgins et al., 1996] . Time sampling is an issue in regions with marked diurnal cycle in atmospheric circulation. West Africa obviously presents many of these characteristics Lothon et al., 2008; Bock et al., 2008] .
[9] Note that, by using forecast terms in the water budget equation (equation (5)) becomes: Res a = dPW AN + MFD AN -(dPW FC + MFD FC,cumul ), where MFD FC,cumul = E FC -P FC -dPW FC is derived as a residual and therefore it is not subject to the computational errors described above (see the Appendix A). Hence, Res a is a combination of analysis increments (AN -FC differences) and computational errors associated with MFD AN . Similarly, introducing the water budget equation for the hybrid data set, MFD hyb = E ALMIP -P TRMM -dPW AN, equation (6) becomes: Res b = MFD AN -MFD hyb . Hence, Res b quantifies the error associated with MFD AN with respect to MFD hyb . It includes both computational errors in MFD AN and analysis errors in the gradients of wind and moisture.
[10] The Appendix A provides a comprehensive assessment of these error sources for the ECMWF Integrated Forecast System (ECMWF-IFS) which are believe to be representative of state-of-the-art NWP systems. The following results are found for averages over areas of several 10 6 km 2 :
[11] 1. Apart from computational errors, when MFD is estimated directly from q and V fields, the FC budget is closed.
[12] 2. The FC budget, though being closed, reveals large and unrealistic dPW FC values, associated with significant drifts and spin-up-spin-down effects in the model compared to GPS observations. This suggests that the other FC budget terms should also be interpreted with care.
[13] 3. In contrast, dPW AN is more accurate, and MFD AN is expected to more accurate too (it will be assessed in the following section with the hybrid data set).
[14] 4. The analysis increment for dPW + MFD explains most of the residual (Res a ) when AN and FC terms are mixed. It shows a bias of −0.9 to −1.6 ± 0.5 mm d −1 for monthly estimates.
[15] 5. The computational errors, combined of time sampling error due to the use of 6 hourly fields and the approximation of the divergence operator with a finite difference method, are evaluated to ± 0.5 mm d −1 (RMS) for monthly MFD estimates.
[16] 6. Using pressure level data instead of model level data and/or coarse horizontal resolutions enhances significantly the computational errors (e.g., bias of −0.3 to +1.0 mm d −1 with 10 pressure level data).
[17] In section 3 water budget terms from three NWP model reanalyses are intercompared and compared to the hybrid data set [Meynadier et al., 2010] over the period [2002] [2003] [2004] [2005] [2006] [2007] . The NWP model reanalyses are: ERA-Interim [Simmons et al., 2006] , NCEP reanalysis I (referred to as NCEP-R1 [Kalnay et al., 1996] ) and NCEP reanalysis II (referred to as NCEP-R2 ). It is useful to recall here that the hybrid data set is composed of evapotranspiration from AMMA Land surface Model Intercomparison Project (ALMIP [Boone et al., 2009a] ), rainfall from Tropical Rainfall Measuring Mission (TRMM) 3B42 satellite product [Huffman et al., 2007] , and PWV tendency from ERA-Interim reanalysis, and that MFD is obtained residually using the water budget equation (2). Compared to direct calculation of MFD from NWP models' gridded data, the hybrid MFD is exempt of numerical errors. This difference may contribute to the discrepancy observed between both estimates.
[18] In section 4, the ECMWF AMMA reanalysis (referred to as ERA-AMMA) (Agustí-Panareda et al., submitted manuscript, 2009 ) and three operational models, ECMWF-IFS, NCEP Global Forecast System (NCEP-GFS), and ARPEGE-Tropiques are also considered. Table 1 summarizes major characteristics of these products. Further information about NCEP-GFS can be found at http://www.emc.ncep. noaa.gov/gmb/moorthi/gam.html and about ECMWF-IFS at http://www.ecmwf.int/research/ifsdocs/.
[19] The budget terms will be quantified in three boxes representative of the West African climate: the Guinean (GUI) box, the Sudanian (SOU) box, and the Sahelian (SAH) box (see Figure 1 ). Note that the southern boundary of the GUI box used here is 7.5°N. It was shifted to the north compared the one used by Meynadier et al. [2010] to fit the coarser horizontal resolution of the NCEP reanalyses.
Water Budget From NWP Model Reanalyses

Spatial Distribution of Water Budget Terms
[20] Figure 1 shows the annual mean P, E, and E-P from the hybrid data set and the three NWP model reanalyses over the period [2002] [2003] [2004] [2005] [2006] [2007] . P and E for the reanalyses are presented as differences with respect to the hybrid data set. These variables exhibit a large meridional gradient over West Africa with a nearly zonal distribution between 10°N and 20°N. In the annual mean, the hybrid data set shows that West Africa is a sink area for atmospheric moisture (E ALMIP -P TRMM < 0) in the Sudano-Guinean region, while the budget is neutral (E ALMIP -P TRMM ∼ 0) in the Sahel. The Sudano-Guinean region is thus characterized by an exoreic hydrologic regime with a significant part of rainfall escaping in runoff, while the Sahelian region is predominantly endoreic, i.e., nearly all surface rainfall is reevaporated in the atmosphere.
[21] Overall, the latitudinal gradients in P and E are much too steep in the reanalyses. Precipitation is not sufficiently far north compared to TRMM precipitation, reaching at least 20°N, and all three reanalyses show biases in P up to 250 mm between 10°N and 15°N. Large negative biases (up to 500 mm) are also seen in the maximum precipitation area of the Cameroun highlands and the Nigerian plateau. On the other hand, the reanalyses show an excess of precipitation along the Gulf of Guinea until 10°N, especially over the Fouta-Djalon Mountains (10°W, 8°N). The reanalyses show also biases in evapotranspiration, in comparison to the ALMIP product, with positive biases (E in excess) in the Soudano-Guinean region and negative biases (deficit in E) in the Sahelian region, except for NCEP-R2. In all three reanalyses, E-P > 0 in the Sudano-Sahelian region (roughly, north of 10°N), i.e., the opposite of what is obtained from the hybrid data set. These features reveal significant caveats in the NWP models that are partly reflected in a too southerly rainbelt, but not only.
[22] Table 2 provides a more quantitative insight into the biases in the three latitudinal bands. In the GUI box, the P excess in the reanalyses ranges from 81 mm (7%, ERA-Interim) to ∼537 mm (47%, NCEP-R1), while in the SAH box, the P deficit ranges from 186 mm (72%, ERA-Interim) to 195 mm (76%, NCEP-R1). In the SOU box, ERA-Interim performs very poorly compared to the NCEP reanalyses. In all three reanalyses, E > P in the SOU and SAH boxes, which implies that the physical link between E and P is not properly modeled in these regions, especially in the Sahel where the vegetation quickly dries out after the monsoon and precipitation is the only source of soil moisture at this scale [Descroix et al., 2009 ].
[23] The link between E and P is further investigated with scatterplots in Figure 2 , where both the annual mean values and 6 year averages are plotted. Interannual variability introduces some scatter around the 6 year averages but does not change the main interpretations that can be derived from the averages. In the SAH box, the hybrid data set shows a fairly linear relationship, between P TRMM and E ALMIP, whereas in the SOU box, saturation occurs around E ALMIP = 800 mm. A broad scatter is seen in the GUI box, with annual mean E ALMIP values lying in the range 600-1000 mm. In contrast, the reanalyses show a significantly different E-P relationship. In the SAH box, and most of the SOU box, E > P for all values of P. In ERA-Interim, in particular, this indicates that there is no limiting control of rainfall on evapotranspiration. In both NCEP reanalyses, the relationship between E and P is more linear and closer to the 1:1 line, both in the SAH and SOU boxes. The upper limit of E in these reanalyses is also more reasonable compared to the ALMIP simulations. In the SOU box, the three reanalyses reveal saturation in evapotranspiration, in regions where P reaches 1000-1200 mm. But E is in excess everywhere compared to ALMIP. In the GUI box, the bias in E appears broadly as resulting from a translation toward larger values in E and P.
[24] A twofold deficiency is thus diagnosed in these reanalyses: a significant deficit in precipitation in the Sudan-Sahel and an excess of evapotranspiration in the same region, except to the very north ( Figure 1) . Fontaine et al. [2003] reported similar conclusions over a longer time period with NCEP-R1, especially E > P over the Sahel. Nuret et al. [2007] and Agustí-Panareda et al.
[2009] also noticed an insufficient northward penetration of the rainbelt over the Sahel in the ECMWF short-range forecasts. The first deficiency might be due to inaccurate convection schemes or large-scale features not favorable to the initiation of convection (e.g., dry air). This deficiency may be further diagnosed by inspecting MFD (see below), since a strong relationship between precipitation and moisture convergence has been highlighted by Meynadier et al. [2010] . The second deficiency can be due to the surface scheme and/or the soil moisture analysis scheme. Here significant differences are seen between the three reanalyses ( Figure 2 ). Indeed, soil moisture is analyzed in very different ways in these models. In ERA-Interim, the soil moisture analysis is based on a short-range model forecast (first guess) and screen-level variables (2 m temperature and 2 m relative humidity [Drusch and Viterbo, 2007] ), similarly to ECMWF-IFS. While ECMWF-IFS performs well globally, large soil moisture increments have been reported by Agustí-Panareda et al. (submitted manuscript, 2009 ) over West Africa in response to large first guess minus observation departures. These may in turn explain errors in evapotranspiration and in the precipitation forecast. The soil moisture analysis scheme is very different in NCEP-R2 reanalysis . The increment is scaled to the difference between 5 day pentad precipitation from a short-range model forecast and a reference precipitation product based on observations (CMAP). In contrast to the previous analysis scheme, the latter can potentially correct a deficit in modeled precipitation. Such a feature could explain why E NCEP−R2 ∼ E ALMIP north of 16°N. In NCEP-R1, the procedure is similar but the reference soil moisture product is given by a climatology data set [Kalnay et al., 1996] . In both NCEP reanalyses, scaling soil moisture increments with a reference precipitation product has also the advantage of limiting the rate of evapotranspiration to reasonable values [Maurer et al., 2001] .
[25] The balance between E FC -P FC and MFD AN , and the difference between MFD AN and MFD hyb , are investigated from Table 2 at the annual mean time scale. Here it is important to recall that E FC -P FC is obtained from forecast variables, whereas MFD AN is computed from 6 hourly, analyzed, wind and humidity fields, and MFD hyb is obtained as a residual from the hybrid data set. A perfect balance between E FC -P FC and MFD AN is not expected because of computational errors in MFD AN and analysis increments (see section 2). Table 2 shows that the discrepancy between E FC -P FC and MFD AN can be very large (121-234 mm for ERA-Interim, 241-559 mm for NCEP-R2, and 265-570 mm for NCEP-R1) and beyond the assumed uncertainty in MFD AN (see the Appendix A) It is seen that E FC -P FC > MFD AN in all three boxes, for all three reanalyses. This discrepancy is therefore mostly due to the biases in E FC and P FC discussed above. One must also notice that, whereas MFD hyb < 0 in all three boxes (consistently with the fact that E ALMIP -P TRMM < 0), ERA-Interim has the opposite sign (MFD ERAI > 0) in the SOU and SAH boxes. This bias in MFD ERAI is connected with the bias in P ERAI as will become evident below. Comparatively, the NCEP reanalyses show a more consistent water budget in the SOU and SAH boxes, despite a bias present there as well.
[26] Figure 3 provides more insight into the spatial distributions of P and MFD, on average over June to September 2002 September -2007 . A strong link is seen between MFD hyb and P TRMM , with coincident isolevels (P TRMM = 150/90/30 mm with MFD hyb = 75/30/10 mm) throughout West Africa. The three reanalyses display quite different patterns and relationships. Most striking is the pattern of moisture divergence in ERA-Interim (MFD ERAI > 0), centered on 13°N-15°N. Divergence is observed also in NCEP reanalyses, but it is located more northward (above 18°N, around 10°W and 15°E; and around 8°N-17°E in NCEP-R1). All three reanalyses show a drop in P FC in the vicinity of patterns of moisture divergence (ERA-Interim) or reduced moisture convergence (NCEP). This raises the question of the origin and possible role of the reduced moisture convergencedivergence patterns in the too southerly position of the rainbelt seen in all three reanalyses. It is also possible that the too strong evapotranspiration favors the occurrence of moisture divergence.
[27] It is also worth noting that in Figure 3 there are consistent patterns in MFD AN and P FC in all three reanalyses south of 13°N (e.g., there is a good correspondence between P FC = 150 mm and MFD AN = −75 mm). However, north of 16°N, all three reanalyses show a region of increased moisture convergence which is not present in MFD hyb . This feature occurs in the region of the intertropical discontinuity (ITD) and may be linked to stronger mass convergence in the models (see section 4) but also to increased computational errors in the MFD AN estimates (e.g., due to a marked diurnal cycle in low-level moisture transport).
Seasonal Evolution of Water Budget Terms
[28] Figure 4 shows the seasonal evolution of moisture budget terms. In all three boxes, the three reanalyses show a distinct seasonal cycle in E FC and P FC , rather well in phase with E ALMIP and P TRMM , but significant biases are evident. In the SAH box, large negative biases are observed in both terms during the monsoon season, with a bias in P FC up to 2 mm d −1 in August. The reanalyses display a very flat seasonal cycle of E FC -P FC compared to E ALMIP -P TRMM . In the SOU box, the seasonal cycle of E FC , P FC , and E FC -P FC in the reanalyses is slightly better. However, NCEP-R2 has a deficit of rainfall in May-June, NCEP-R1 has an excess of rainfall in September-November, and ERA-Interim has a deficit in rainfall during the whole season (April-September). E FC is overestimated during the dry season in NCEP-R2 and ERA-Interim, and during the wet season in NCEP-R1. In the GUI box, P ERAI fits quite well with P TRMM , whereas both NCEP reanalyses show an excess of rainfall that reaches 3-4 mm d −1 in August. In NCEP-R1, the bias remains until the end of the year. All three reanalyses provide E FC values in excess of around 1 mm all year long. The seasonal evolution of E FC -P FC from ERA-Interim is the closest to E ALMIP -P TRMM , whereas both NCEP reanalyses have larger errors.
[29] All three reanalyses show a marked seasonal cycle in MFD AN in all three boxes, in rather good consistency with MFD hyb but in contrast with their E FC -P FC budget. A fundamental difference is obviously due to the nature of the data (AN versus FC variables). In the SAH box, all three reanalyses show an excess of moisture flux convergence in May and June (especially NCEP reanalyses) but this is not associated with an excess of rainfall or an increase of the humidity storage in the models. It thus produces an imbalanced water budget in the reanalyses (see also Figure 5 ). Later, in July-September, the reanalyses show MFD AN values consistent with MFD hyb but again the relationship with P FC is poor and largely in deficit then. In the SOU box, the NCEP reanalyses show an excess of moisture flux convergence in April-May, similar to what is observed in May-June in the SAH box. More generally, the NCEP reanalyses overestimate moisture flux convergence all year long and show a minimum in June that is not seen in MFD hyb . ERA-Interim shows small values of moisture flux convergence, especially in June-September when it is related to the large spatial pattern of moisture divergence previously discussed (Figure 3 ). On the other hand, the NCEP reanalyses do not represent well the moisture divergence during the dry season. In the GUI box, ERA-Interim represents quite well the seasonal evolution of MFD (both in phase and amplitude), whereas the NCEP reanalyses show the same deficiencies as in the SOU box, except for an increased bias in MFD AN in August (around 4 mm d −1 ). The excess in MFD AN in both NCEP reanalyses might be linked to their excess in precipitation.
Budget Closure Issues
[30] A large residual was diagnosed in Table 2 (E FC -P FC > MFD AN with dPW AN ∼ 0) in the three reanalyses and in all three boxes, consistently with past studies [Kanamitsu and Saha, 1996; Roads, 2003; Trenberth and Guillemot, 1995] . The seasonal evolution of this residual is shown as Res a in Figure 5a . It is negative almost all year long and its magnitude can be as large as the individual budget terms. According to equation (5), a negative residual is a result of one or several of the following inconsistencies in the reanalyses: too strong evapotranspiration (E FC ), too weak precipitation (P FC ) and/or a too strong moisture flux convergence (MFD AN ). In the SAH box, all three factors act simultaneously. In the SOU box, the residual shows a large peak (∼2 mm d −1 in the NCEP reanalyses), between April and June, prior to the monsoon onset. In this box, ERA-Interim shows the smallest residuals all year long, but this hides large compensating errors in the individual terms. Indeed, MFD AN ≈ E FC -P FC but MFD AN is significantly biased compared to MFD hyb (see Figure 4 and Res b in Figure 5b ). In the GUI box also, the smallest Res a residuals are found in ERA-Interim, but there, the individual terms are close to the hybrid estimates (only E FC is slightly biased; Figure 4 ). The NCEP reanalyses exhibit again large residuals, up to Res a = −3 mm d −1 in March due to an excess of moisture flux convergence ( Figure 4 ) and −2 mm d −1 in August due to an excess of rainfall (especially in NCEP-R2). On the basis of investigations with ECMWF-IFS model (see the Appendix A), the large negative residuals are believed to reflect the presence of analysis increments and to a lesser extent computational errors in MFD AN (see the two last columns of Table A1 ).
[31] Since E FC , P FC , and E FC -P FC from the reanalyses contain significant biases and the budget is not balanced with their MFD AN + dPW AN counterparts, the balance between MFD AN + dPW AN and E ALMIP -P TRMM is examined here (Figure 5b) . The large negative residuals in the reanalysis budget (Res a ) are reduced and replaced in some instances by positive residuals (Res b ). For ERA-Interim, the closure is usually improved in the SAH and GUI boxes, but it worsens in the SOU box. For the NCEP reanalyses, the residual is generally not improved. Hence, the combination of MFD AN and dPW AN terms from reanalyses and E ALMIP and P TRMM from the hybrid data set is not really consistent either. Instead, this residual suggests that the analysis increments diagnosed above contribute significantly to the errors in the analyzed terms.
Interannual Variability
[32] Potentially, NWP reanalyses can provide water budget terms over long periods of time (up to 50 years) allowing the investigation of interannual variability [Fontaine et al., 2003] . Here, we address their ability to reproduce the results obtained from the hybrid data set over 2002-2007 in part 1 of this study, with a focus on the monthly anomalies of P, E, and MFD.
[33] Table 2 reports the standard deviation of these anomalies together with linear correlation coefficients between the NWP estimates and the hybrid estimates. Overall, ERA-Interim and NCEP-R2 perform fairly well in all three boxes, while NCEP-R1 shows overall poor correlations with the hybrid budget terms. For the three reanalyses, the highest correlations are obtained in the SAH box, followed by the SOU box and then the GUI box. In terms of variance, ERA-Interim shows too weak fluctuations in DP in all three boxes, while it is the opposite for NCEP-R2, and too weak variance in DE, while NCEP-R2 shows good results (consistent with Figure 4) . The variance and correlation in DMFD are the best for ERA-Interim, at least in the SOU and SAH boxes. In the GUI box, the correlation in DMFD is the best for NCEP-R2. Hence, ERA-Interim and NCEP-R2 appear to capture some features of the interannual variability of the water cycle. A similar analysis based on annual mean quantities (for 6 years only) yields poor results with no statistical significance (not shown).
[34] Figure 6 shows cross-correlation functions of monthly anomalies. This is a useful tool for understanding causality between water budget terms. The most significant correlations are (1) between DP and DE in the SAH box, at lags 0 and −1 month, meaning that the occurrence of a maximum in DE is following a maximum in DP with a delay of 0-1 month; (2) between -DMFD and DdPW at lag 0 in the SAH box, reflecting the strength of humidity advection in the region of the ITD and its major role in fluctuations in water vapor amount; and (3) between DP and -DMFD at lag 0 in SOU and GUI boxes, and at lag 0 and +1 month in the SAH, implying that an increase in precipitation is associated with a simultaneous increase in convergence in the SOU and GUI boxes, while this increase in convergence starts ∼1 month earlier in the SAH box.
[35] Overall, the reanalyses reproduce all the significant correlations seen with the hybrid data set, including the contrast between the SAH box and the two other boxes. However, the correlation coefficients are generally smaller in the reanalyses. Hence, it can be concluded that the reanalyses provide some insight into the interannual variability in water budget terms, at least at the monthly mean time scale, but the magnitude of the anomalies (Table 2) 
AMMA Reanalysis and Operational Analyses
Spatial and Temporal Evolution of Water Budget Terms During the SOP 2006
[36] The goal here is to examine more closely the spatiotemporal relationship between P and MFD and, at the same time, between E and P, for the period from May to September 2006 (the AMMA Special Observation Period (SOP) [Lebel et al., 2009] ), with an enhanced ensemble of the NWP systems. Therefore, operational analyses (ECMWF-IFS, NCEP-GFS, and ARPEGE-Tropiques) and the AMMA reanalysis (ERA-AMMA) are included. These models benefited from more recent models physics and higher spatial resolution compared the previous reanalyses (see Table 1 ) and from enhanced observations during the AMMA-SOP. The impact of these additional data on the ECMWF and ARPEGE analyses and forecasts was investigated in details by Agustí-Panareda et al. [37] Figures 7 and 8 show time-latitude diagrams of MFD and P, and E-P and E, respectively. The hybrid data set is first analyzed as it is our reference. The P TRMM = 1 mm d −1 limit is seen to migrate from 12°N to 20°N, between May and mid-July 2006. Large intraseasonal fluctuations are observed, with two northward excursions around 20 May and 15 June (preonset period) and one on 10 July, associated with the late monsoon onset in 2006 [Janicot et al., 2008] . The E ALMIP = 1 mm d −1 isoline is seen to move northward with a short time lag with respect to the P TRMM = 1 mm d −1 rainfall isoline. In contrast, MFD hyb reaches this level (−1 mm d −1 ) only during the two northward rainfall excursions of 20 May and 10 July. More to the south, the P TRMM = 2.5 mm d −1 limit shows similar but more regular northward excursions between May and September, while P TRMM = 5 mm d −1 delimits roughly the core of the rainbelt and is associated with the monsoon jump between 5°N and 10°N [Sultan and Janicot, 2000] . The areas of larger rainfall are well correlated with larger evapotranspiration (with P TRMM > E ALMIP most of time) and larger moisture convergence. MFD hyb shows significant intraseasonal variability during the core of the season in the northern Sahel (15°N-20°N) , from mid-July to September, but also a reduction to the south before the onset (7°N-11°N, 10 June to 10 July) consistent with reduced precipitation.
[38] Overall, none of the NWP systems reproduces satisfactorily this ensemble of features. All three ECMWF model versions show a too southerly P FC = 1 mm d −1 limit (∼15.5°N in August) and inconsistent E FC > P FC in the Sahel. The rainfall limit extends slightly more to the north in ERA-Interim and ERA-AMMA compared to ECMWF-IFS. ERA-AMMA shows also stronger rainfall and larger moisture convergence more to the south, especially after the onset (e.g., P FC = 5 mm d −1 limit reaching 12.5°N instead of 11°N in ECMWF-IFS) and reduced moisture convergence to the north, in the region of the ITD, compared to ERA-Interim and ECMWF-IFS. Hence, among the three ECMWF products, ERA-AMMA is the more realistic, though the rainbelt is still too much to the south. Note that in ERA-AMMA the high values of evaporation over Sahel during May are due to an error in the initialization of soil moisture which occurred during the run of the reanalysis experiment. This problem is corrected in a newer version of the reanalysis. A common deficiency in all three ECMWF products is the region of moisture divergence at 11°N-13°N in June and 13°N-15°N in August (consistent with the 6 year mean of ERA-Interim; Figure 3 ), which is suspected to act as a blocking zone for the rainbelt. It is also seen in the forecast version of MFD (Agustí-Panareda et al., submitted manuscript, 2009).
[39] The three NCEP model versions are very different. NCEP-R2 and NCEP-GFS show more realistic rainfall patterns than NCEP-R1 and ECMWF forecasts. The P FC = 1 mm d −1 limit reaches its northernmost position at 17°N in August-September, which is improved but still too south compared to TRMM. Interestingly, in NCEP-GFS the P FC = 5 mm d −1 limit reaches 16°N in August, but the meridional gradient to the north of this limit is too abrupt and rainfall is too strong between 10°N and 15°N. The evapotranspiration pattern in all three models is fairly correlated with precipitation, but only NCEP-GFS shows E FC < P FC at the northern limit of the rainbelt in a way consistent with the hybrid data set. The onset is also better represented in NCEP-GFS, both in P FC and MFD AN . Overall, this model shows significant improvements over the older NCEP model versions, namely, a more satisfactory link between E FC and P FC , and between P FC and MFD AN . A distinct feature in this model compared to the others is the zone of moisture divergence located north of 16°N.
[40] ARPEGE-Tropiques, in contrast to the other models, simulates a quite realistic northward propagation of the rainbelt, with the P FC = 1 mm d −1 limit reproducing the preonset excursions (20 May, 15 June, and 10 July) and reaching 19°N in August. However, precipitation is overall too weak and moisture flux convergence comparatively too large, especially to the north during the preonset period. The evapotranspiration pattern is also well correlated with precipitation but the balance between E FC and P FC is incorrect (the region where E FC ∼ P FC extends too much to the south). This suggests a sensitivity of the soil moisture analysis to other features of the model (e.g., surface and turbulence schemes), as this analysis system is similar to that of the ECMWF-IFS.
Atmospheric Circulation
[41] To better understand why the NWP analyses show such striking differences in MFD AN , it is necessary to examine the vertical structure of MFD AN and the atmospheric circulation. This is done only with ERA-Interim, ERA-AMMA, NCEP-GFS, and ARPEGE-Tropiques. Figure 9 presents the vertical cross section of MFD AN and meridional-vertical wind vectors for August 2006. Figure 10 shows the three wind components separately. All four analyses provide a qualitatively similar picture of the mean circulation. Specific features are indicated for ERA-Interim (small letters superimposed on the plot in Figure 9 ). These features are as follows: (1) a zone of deep convection (usually referred to as the Intertropical Convergence Zone (ITCZ)) extending from 800 to 200 hPa and centered at 10°N, which corresponds to the ascending branch of the Hadley cell, the subsidence branches being located to the south (3°S) and to the north (22°N); (2) a band of moisture flux convergence beneath the northern flank of the ITCZ (1000-700 hPa, 10°N); (3) a zone of shallow convection and strong moisture flux convergence near the coast (1000- (1000-850 hPa, 16°N-25°N ) in the region of the ITD and the heat low, which drives strong vertical motion up to 600 hPa at 21°N; (5) a layer of moisture divergence (800-550 hPa, 16°N-25°N) capping the previous low-level moisture convergence layer; (6) a northerly shallow meridional circulation (SMC) between the ITCZ and the ITD, with its vortex located at 850 hPa, 15°N, associated with the strong vertical motion in the region of the heat low, the southerly low-level monsoon flow (1000-900 hPa), and the northeasterly flow overriding the southwesterly monsoon flow (800-500 hPa); (7) a region of low-level moisture divergence between the ITCZ and the ITD (1000-850 hPa, 10°N-15°N ) associated with the subsiding branch of the northerly SMC; and (8) a southerly SMC at 850 hPa, 3°N, embedded in the southerly Hadley cell, associated with the low-level southerly monsoon flow and a layer of northerly return flow at 800 hPa. Figure 10 more clearly shows that the latter is the lowest of three layers with a northerly component in the main flow south of the ITCZ, the other two being at the levels of the AEJ (600 hPa) and the TEJ (200 hPa).
[42] While nearly all the analyses represent the features listed above, the intensity and location of circulation and MFD AN patterns differ substantially among them. A major difference can be seen in the northerly SMC (Figure 9f ). In the ECMWF reanalyses, the overturning circulation of this SMC is especially strong and appears as a major explanation of the strong moisture divergence taking place in the low levels (Figure 9g ). The subsiding branch of this SMC is associated with advection of dry air from the Saharan air layer. In the NCEP-GFS and ARPEGE-Tropiques analyses, the SMC and subsiding branch are present as well, but they are much weaker (this is the case also for NCEP-R1 and NCEP-R2; not shown). As a result, the zone of low-level moisture divergence (Figure 9g) is much smaller and weaker in these analyses and their vertically integrated MFD AN (Figure 7) is dominated by moisture convergence at the northern flank of the ITCZ (10°N-15°N) . Similar reasoning explains also the difference in vertically integrated MFD AN in the region of the ITD (15°N-25°N) : some analyses show stronger low-level moisture convergence and others stronger midlevel moisture divergence (e.g., NCEP-GFS).
[43] As discussed above, the northerly SMC (Figure 9f ) is driven by three main components. In the ECMWF analyses, all three components are stronger ( Figure 10 ), but especially the southwesterly monsoon flow. Indeed, this model shows a secondary maximum in the low-level flow around 17°N, 925 hPa, with an acceleration of the flow between 10°N and 17°N. This acceleration is consistent with the strong subsidence seen at 850 hPa, 13.5°. Inspection of radiosonde profiles at Niamey and Tombouctou confirms the too strong southerly flow at 925 hPa and too strong northerly flow above 800 hPa in the ECMWF analyses (not shown). Zhang et al. [2008] also noticed a difference in the northerly flow component of the SMC in the previous ECMWF reanalysis (ERA40) and the NCEP reanalyses, which they attributed to differences in the parameterization of cumulus convection. However, other physical components of the model could well play a role, such as surface and turbulent processes, as well as cloud and aerosols radiative effects.
Interactions Between Atmospheric Circulation, Precipitation, and Moist Processes
[44] Figure 11 highlights the main features of the West African Monsoon water budget and the deficiencies in four of the NWP systems. In the ECMWF reanalyses, the bias in precipitation appears as an abrupt decrease in rainfall between 10°N and 15°N, as compared to P TRMM . This strong gradient coincides with a zone of strong moisture divergence, originating in the low levels, between 12°N and 15°N. It is very likely that the divergence blocks convection and prevents further northward migration of the rainbelt. Indeed, precipitation in this region is mostly of convective nature and the convection parameterization in this model is dependent on CAPE and atmospheric humidity [Bechtold et al., 2008] which both are linked to low-level moisture convergence. The excess of E FC over P FC in the two ECMWF reanalyses may further participate to enhance moisture flux divergence in the atmospheric column (MFD AN > 0 where E FC > P FC ). In NCEP-GFS and ARPEGE-Tropiques, a drop in precipitation is observed as well north of 12.5°N, along with a strong decrease in moisture convergence but the latter does not turn into divergence. In ARPEGE-Tropiques, the latitudinal decrease in precipitation is smoother than in the other models and the rainbelt is extending more to the north but the amount of simulated rain is nevertheless too weak. In NCEP-GFS, total precipitation is largely overestimated in the region 10°N-16°N. This is due to an excessive amount of large-scale precipitation in this model. But convective precipitation in NCEP-GFS is consistent with the other models. Similar problems have been observed previously with this model over the USA and are explained as an artifact of the convective scheme referred to as grid-scale convection (http://www.hpc.ncep.noaa.gov/qpfbombs/). The excess of large-scale precipitation is associated with too moist midlevels in NCEP-GFS over West Africa (Figure 12a ). This problem is not seen in the NCEP reanalyses (not shown).
[45] The role of the northerly SMC around 15°N is further investigated with Figure 12 . Interestingly, the northerly flow is seen to extend through a large part of the troposphere (850-200 hPa). It is thus advecting dry air from the Sahara in the middle and upper levels which enhances convective inhibition and evaporation of falling rainfall. It can be hypothesized that this feature adds to the blocking of convection and bias of precipitation in the Sahel. In the ECMWF reanalyses, an excessively strong vertical motion in the heat low (800 hPa; Figure 12d ) appears as a major explanation for strong overturning circulation associated with the SMC (700-800 hPa; Figure 12b ). The origin of the too strong heat low seems to be linked with a large underestimation of the aerosol content in the Sahara in the ECMWF model leading to a large overestimation of surface incoming radiation Agustí-Panareda et al., submitted manuscript, 2009 ]. Very likely, other factors are involved too, such as the surface albedo, vegetation and roughness length which are prescribed in the ECMWF model. Indeed, the latitudinal extent of the rainband is expected to be sensitive to the choice of surface albedo and aerosol amounts [Peyrillé et al., 2007] . In addition, the feedback from vegetation onto the atmosphere along the seasonal cycle is not well represented in such models. Recent improvements in the parameterized physics [Bechtold et al., 2008] and correction of dry bias in radiosonde observations have demonstrated a positive impact in ERA-AMMA. The strength of the heat low circulation (Figure 12d ) is reduced in this reanalysis, as well as the meridional wind in the monsoon flow at 925 hPa and in the return flow at 750 hPa (Figure 12b ). The rainbelt extends slightly further north and the low-level divergence at 13°N-16°N is reduced (Figure 11) . Also, the low (925 hPa) and middle (600 hPa) levels are moister (Figure 12a ). Further improvements of this model are expected with the introduction of interactive aerosols and land surface schemes (Agustí-Panareda et al., submitted manuscript, 2009).
Summary and Conclusion
[46] The confrontation of water budget terms from NWP reanalyses over West Africa to the reference hybrid data set presented in part 1 of this study [Meynadier et al., 2010] has highlighted several similar deficiencies in the NWP systems which suggest similar origins. The deficiencies imply the representation of moist processes, the radiation budget, soil moisture analysis, and errors in radiosonde humidity observations. This study has also highlighted the critical role played by atmospheric circulation features specific to West Africa in shaping the seasonal evolution of the water cycle: the moist southwesterly monsoon flow, the shallow meridional circulation (SMC) connected with the heat low and the associated dry northerly return flow at 700 hPa, and convergence in the ITD region. All these features are strongly coupled and small misrepresentations associated with the above mentioned deficiencies in the NWP systems result in large biases in the atmospheric water and energy budgets.
[47] The central problem diagnosed in most of the NWP models is a too steep meridional gradient in simulated precipitation, with too large cumulated values south of 10°N (up to 500 mm) and too small values north of 15°N (up to -250 mm). This bias turns into a too southerly location of the rainbelt in the NWP models over West Africa. It suggests a deficiency in convective parameterizations and excessive convection inhibition possibly associated with a low-level subsidence to the north of the ITCZ (descending branch of the northerly SMC) and too large vertical mixing between the boundary layer and the deep layer of northerly dry air advected at midlevels (800-400 hPa) The SMC appears too strong in some of the models (especially in the ECMWF model). It seems that this is a consequence of a too strong heat low due to biases in the radiative budget over the Sahel-Sahara associated to limitations in the way aerosols and land surface properties are treated there. It is also hypothesized that there is a positive feedback between the lack of clouds and precipitation in the Sahel and the excess of surface incoming radiation driving a too strong heat low circulation.
[48] Another large bias in the water budget of most of the NWP systems is found in the simulation of evapotranspiration. Similar to the bias in precipitation, a too steep meridional gradient is diagnosed. However, E FC and P FC appear rather poorly coupled in these NWP systems and a great variety of seasonal evolutions in evapotranspiration is found. The documentation of the NWP systems and the presence of large soil moisture increments in the ECMWF model (A. Agustí-Panareda et al., Impact of improved soil moisture on the ECMWF precipitation forecast in West Africa, submitted to Geophysical Research Letters, 2009) suggest that the soil moisture analysis methods should be improved. However, a better coupling of E FC and P FC in the models requires also that the bias in precipitation is reduced.
[49] Because of these biases, the annual surface water budget in the Soudano-Sahelian region (10°N-20°N) appears positive in these NWP systems (E FC -P FC > 0) whereas Nicholson et al. [1997] and Meynadier et al. [2010] reported a more physically sound negative E-P budget. A few other past studies agree with the latter two (at least on the sign of E-P) but only in the 5°N-15°N region [Gong and Eltahir, 1996; Roads et al., 2002; Fontaine et al., 2003] . North of 15°N, most of the past studies using NWP products were limited by the large biases in E FC and P FC .
[50] Another approach for investigating the surface water budget is through its atmospheric components, dPW and MFD [Trenberth and Guillemot, 1995] . However, the present study evidenced large closure errors (1-2 mm d −1 ) both in the reanalyses and in the operational NWP systems, such that the equivalence between E FC -P FC and dPW AN + MFD AN is generally not satisfied and the accuracy of the dPW AN and MFD AN estimates can be questioned. A major problem in this approach is that mixing simulated terms, E FC and P FC , and analyzed terms, dPW AN and MFD AN , introduces analysis increments and numerical errors. The latter result from that fact that MFD AN is computed directly from 6 hourly, instantaneous, gridded wind and humidity fields. They are estimated with ECMWF-IFS to be on the order of ∼0.5 mm d −1 (bias and standard deviation) and to increase slightly in the vicinity of the ITD (all the NWP models overestimate moisture convergence there). Since the numerical errors are rather small, most of the water budget closure error must result from analysis increments. The investigation with ECMWF-IFS revealed that the increments stem almost equally from dPW and MFD. The increment in dPW is mainly due to a drift in the short-term forecast as compared to independent GPS observations. This result is consistent with past studies using other NWP systems [Higgins et al., 1996; Trenberth and Guillemot, 1998; Bock et al., 2008] . The increment in MFD is obviously linked to the deficiencies evidenced above (in the moist processes, the radiation budget, the soil moisture analysis, and biases in radiosonde humidity observations). The coupling between these deficiencies is evidenced as a drop in low-level moisture flux convergence in the NCEP and ARPEGE-Tropiques analyses (near 12.5°N) and moisture divergence in the ECMWF system (near 13.5°N) during the monsoon season. This feature is thought to play a major role in the southward blocking of the rainbelt.
[51] This work stresses the importance of improving physical parameterizations of moist processes and the treatment of interactions between the surface and the atmosphere in NWP systems over West Africa. In that respect, the AMMA field campaign of 2006 and the considerable research effort that followed represent a significant step forward (see the huge list of publications that came out recently, e.g., in the special issues of the Journal of Hydrology, the Quarterly Journal of the Royal Meteorological Society, and Weather Forecasting). Further improvements in the quality of NWP analyses and forecasts are also expected from the correction radiosonde humidity biases [Agustí-Panareda et al., 2010] , the assimilation of new satellite data providing information on lower-tropospheric humidity over land Bauer, 2009 ] and the improvement of soil moisture schemes [Balsamo et al., 2009] . The hybrid water budget data set developed in part 1 of this study [Meynadier et al., 2010] and the GPS PWV observations are also expected to provide insight into smaller spatial and temporal scales of relevance for the investigation of the water cycle and the improvement of moist processes in NWP systems.
Appendix A: Assessment of NWP Model Water Budget Errors
[52] Here operational analyses (AN) and forecasts (FC) from ECMWF-IFS over the period of 1 May to 30 September 2006 are used to assess budget closure issues and computational errors typical of NWP models. The FC fields are extracted for lead times of +12 to +36 hours, valid between 0000 UTC and 2400 UTC, each day. Daily mean quantities are computed between 0000 UTC of one day and 0000 UTC of the next day. First, we use gridded fields at the full resolution of the model, with a horizontal mesh of 0.25°× 0.25°a nd 91 vertical levels between the surface and 0.1 hPa. In this case, MFD is computed from model levels comprised between the surface and ∼100 hPa (55 hybrid levels). Then, we use the fields interpolated on pressure level with two different horizontal grid meshes (0.25°× 0.25°and 2.5°× 2.5°) in order to evaluate the impact of vertical and horizontal resolution on MFD computations. In this case, only 10 pressure levels are available, between 1000 and 100 hPa. The 5 month average results are presented in Figure A1 and Tables A1-A4.
[53] Figure A1a shows that dPW FC exhibits large positive and negative values, locally up to ± 2 mm d −1 . Table A1 reports values for box averages, with dPW FC = +0.39 mm d −1 in the GUI and +0.65 mm d −1 in the SOU box. These represent unrealistic increase in PWV of ∼100 kg m −2 over 5 months. Such systematic drifts in the model reveal inconsistencies between the model physics and observations. In contrast, dPW AN shows values smaller than ± 0.25 mm d −1 everywhere ( Figure A1) , with box-averaged values ranging between 0.01 and 0.09 mm d −1 , i.e., +1.5-14 kg m −2 over 5 months (Table A1) . Figures A1a and A1b show that the standard deviations of daily fluctuations in dPW are locally on the order of 6 mm d −1 . The box-averaged daily standard deviations are significantly reduced, with values between 1.8 and 2.6 mm d −1 (Table A2 ). In contrast to the mean values, which exhibit large biases between dPW FC and dPW AN , the daily fluctuations are fairly consistent between AN and FC tendencies, as confirmed from the high correlations in Table A2 (e.g., r = 0.88 in the SAH box).
[54] Table A3 provides an independent evaluation of dPW FC and dPW AN using GPS data at six sites (see Figure A1b for their locations). The mean values of dPW AN are fairly consistent (within one or two standard deviations, cf. to the ±1 s values indicated next to the GPS mean values) with dPW GPS whereas dPW FC differs significantly from dPW GPS (the differences are larger than 3s, i.e., significant at more than 99%). Large departures are observed at the locations of Niamey, dPW FC = 0.92 mm d −1 , and Tombouctou, dPW FC = − 0.51 mm d −1 , where dPW FC takes very unrealistic values (see also Figure A1 ). Standard deviations of dPW AN and dPW FC are systematically smaller than observed (middle Diff is the temporal standard deviation of the difference between forecast (FC) and analysis (AN) terms, and Corr is the correlation between time series of daily FC and AN terms. section of Table A3 ) but correlations (rightmost section of Table A3 ) are fair (0.69 for AN and 0.53 for FC, on average).
[55] Figures A1c and A1d show MFD FC and MFD AN as computed from model-level q and V fields using equation (1). Both estimates suffer from similar computational errors: (1) the finite difference scheme used for the computation of horizontal wind divergence from gridded wind fields and (2) the time sampling error due to the use of 6 hourly instead of cumulated q and V data. Hence, the differences observed between MFD FC and MFD AN here are supposed to be representative of difference in the AN and FC fields (i.e., revealing the impact of analysis increments). The mean fields reveal slightly different patterns, mainly MFD AN shows large zones of increased convergence to the north (15°N-20°N) and to the south (5°N-10°N). They result in slightly different box-averaged mean values (mostly in the GUI box; see Table A1 ). The daily fluctuations are fairly consistent, with standard deviations reaching 10 mm d −1 , locally (Figures A1c and A1d) and 2.8-3.5 mm d-1 for the box averages (Table A2 ). The linear correlation coefficient between daily MFD FC and MFD AN estimates is rather high (0.76 in the GUI box to 0.90 in the SAH box).
[56] The comparisons above give insight into the difference between the AN and FC fields, but the MFD FC and MFD AN estimates contain computational errors. An evaluation of these errors is provided here comparing MFD FC,cumul = E FC -P FC -dPW FC with MFD FC . Indeed, MFD FC,cumul is an estimate of MFD FC using the residual approach which avoids direct computation errors. Figure A1e shows that MFD FC,cumul is much smoother than MFD FC . The spatial patterns of the mean quantity are less noisy and the temporal variability is reduced from 10 mm d −1 to 6 mm d −1 , locally. Figure A1g shows also the mean and standard deviation of daily differences. Locally, biases of up to ± 2 mm d −1 are seen and the standard deviation of differences reaches 8 mm d −1 . The box-averaged differences are reported in Tables A1 and A2 as Res FC = MFD FC -MFD FC,cumul . Both the mean errors and the standard deviations are small (−0.1/0.2 mm d −1 for mean error and 0.51-0.83 mm d −1 for standard deviations). This result is important as Res FC is also representative of the misclosure between FC budget terms: Res FC = MFD FC -(E FC -P FC -dPW FC ). Hence, this confirms that dPW FC + MFD FC ≈ (E FC -P FC ) when the terms are averaged over boxes of ∼10 6 km 2 .
[57] The fact that the budget between FC terms is closed does not, however, guarantee that the balance between the terms is correct. It is shown above that dPW FC is biased in comparison to dPW GPS and dPW AN . Similarly, MFD FC is biased compared to MFD AN , and in addition E FC > P FC (Table A1) , which is the opposite of what was found from the hybrid data set [Meynadier et al., 2010] . Hence, it is not surprising that the budget is no longer closed when dPW FC + MFD FC is replaced with dPW AN + MFD AN . The residual, Res AN in Table A1 which is equivalent to Res a = (dPW AN + MFD AN ) -(E FC -P FC ) = (dPW AN + MFD AN ) -(dPW FC + MFD FC, cumul ), is an estimate of the overall analysis increment combined with the computation errors. It is negative in all three boxes (e.g., −1.42 mm d −1 in the GUI box) which is a result of the discrepancy both between dPW AN and dPW FC , and between MFD AN and MFD FC, cumul , with nearly similar weight (Table A1 ). The comparison of Res AN and Res FC indicates that analysis increments are dominating computation errors for boxaveraged terms (Table A1 ).
[58] The impact of limited vertical and horizontal resolutions on MFD computations are also quantified in Figures A1f and A1h. The former estimates MFD PL , computed from 10 pressure levels at 0.25°× 0.25°. Comparing this estimate to the full model level estimate, MFD ML ( Figure A1d ), shows that: convergence is enhanced to the north; divergence is enhanced in the central region; divergence-convergence dipoles appear to the south, near the coast, and in the mountainous areas. The temporal variability is also enhanced from 10 mm d −1 to 12 mm d −1 , locally. The reverse is observed from the coarser resolution fields ( Figure A1h ). The inspection of vertical structure of wind fields and MFD (Figures 9 and 10 ) reveals that the complex structure and vertical shear of the horizontal wind components over West Africa is poorly represented with 10 pressure levels only, especially in the vicinity of the low-level jet and the AEJ.
[59] Table A4 provides a synthesis of estimates of the three main error sources in the daily water budget terms computed from ECMWF-IFS model: the analysis increment, (dPW AN + MFD AN ) -(dPW FC + MFD FC ), the time sampling and divergence computational errors, (MFD FC, cumul -MFD FC ), and the vertical undersampling error (10 pressure levels versus full hybrid model levels).
